In this work, novel nanoflower/alginate microbeads were synthesized to immobilize α-acetolactate decarboxylase (ALDC) with a facile approach. Typically, ALDC was first coprecipitated with Ca 3 (PO 4 ) 2 to form enzymeinorganic hybrid nanoflowers (Ca 3 (PO 4 ) 2 -ALDC), and then the nanoflowers containing micrometre-sized particles and nanoscale flower-like petals were entrapped in alginate gel beads (Ca 3 (PO 4 ) 2 -ALDC) @Alg). Compared with free ALDC and Ca 3 (PO 4 ) 2 -ALDC nanoflowers, the microbeads performed greatly improved recyclability and stability, meanwhile, retained 98% of activity compared with free ALDC. Moreover, the immobilized enzyme can be used in a 300 L beer fermentation tank to prevent the formation of diacetyl, solve the problem of beer off-flavor and short the beer maturation time, thus exhibiting a great potential application in beer brewing industry.
Introduction
In the main fermentation of beer, diacetyl is a by-product formed from α-acetolactate, which could be further catalyzed to acetoin, but the residues of diacetyl in fermentation broth can lead to an unpleasant buttery taste in beer even with its concentration as low as 0.15 ppm [1, 2] . The rate-limiting step of fermentation is the conversion of α-acetolactate into diacetyl, so the slow transformation lead to a long fermentation period of beer (2-12 weeks) [3, 4] . α-Acetolactate decarboxylase (ALDC (EC 4.1.1.5)) is an important enzyme during beer fermentation, which can prevent the formation of diacetyl by directly converting α-acetolactate into flavorless acetoin (3-hydroxy-2-butanone) (Fig. 1) , thus effectively solving the problem of beer off-flavor brought by diacetyl and shortening the beer maturation time as well. [4] [5] [6] Despite all the advantages, the industrial application of free ALDC is often hampered by the difficulties in recovery and recycling and a lack of long-term operational stability. Besides, the addition of exogenous enzymes may have a negative effect on beer flavour and peculiarity, and also improve the production cost. To overcome these drawbacks, immobilization of the enzyme on a suitable, food industryavailable supporting medium is an effective method. [7] [8] [9] [10] [11] In recent years, nanobiocatalysis, in which enzymes are immobilized on/in nanostructured materials, has gathered growing attention due to its excellent performance in stabilizing/enhancing the enzymatic activity [12] [13] [14] [15] [16] [17] [18] [19] . Hybrid protein-inorganic nanoflowers, first discovered by Zare's group, were synthesized through the co-precipitation of Cu 3 (PO 4 ) 2 and proteins in an aqueous buffer solution, in which the activity of enzyme was remarkably enhanced [12] . Subsequently, protein-inorganic nanoflowers were prepared by other group through co-precipitation Ca 2+ and enzyme [20, 21] . Similarly, the enzymatic activity was also increased. However, the fatal disadvantage for nanobiocatalysis was low mechanical strength, which always lead to low stability for external environment [9] . Besides, the size of the nanobiocatalysis was often nano or micron scale, which made it difficult to separate nanomaterial from the substrate in producing operation [22] . As a nanobiocatalysis, nanoflower also has these drawbacks, which hinder their applications in industry. Recently, hybrid materials, combining with the advantages of organic and inorganic components, have been widely applied for enzyme immobilization because of their unique properties [23] [24] [25] [26] [27] [28] [29] [30] [31] . Entrapment, one of the approaches employed in enzyme immobilization, can effectively protect the enzyme from external environment and offer commendable recyclability [32, 33] . The supporting materials involving entrapment approach include pore glass beads [34] , mem-branes [35] , and polymer-/silica-based monolithic materials [7, [36] [37] [38] . Among them, entrapment of enzymes in alginate polymer plays an important role in the field of enzyme immobilization due to the biocompatibility, thermo-stable properties and gel porosity of alginate [39] [40] [41] [42] . Unfortunately, enzyme activity often lose seriously on the account of enzyme leakage and the diffusion limitation at the same time [43] [44] [45] [46] . On the other hand, inorganic-enzyme hybrid nanoflowers often have enhanced activity but lower reusability. So, these two kinds of enzyme immobilization methods gave us a vital spark to assemble activity, stability and recyclability in one system. In this system, inorganic-enzyme nanoflowers were ingeniously entrapped in alginate and form a coalition where the two components conduct division of cooperation.
In this work, we reported a novel, versatile and cost effective method to construct enzymatic microbeads (Ca 3 (PO 4 ) 2 -ALDC@Alg). ALDC was first coprecipitated with Ca 3 (PO 4 ) 2 to form enzyme-inorganic hybrid nanoflowers (Ca 3 (PO 4 ) 2 -ALDC) containing micrometresized particles and nanoscale flower-like petals, and then the nanoflowers were entrapped in alginate gel beads. During the preparation of the microbeads, no toxic substance was used, so it can be safely applied in food industry. The morphologies of Ca 3 (PO 4 ) 2 -ALDC nanoflowers and Ca 3 (PO 4 ) 2 -ALDC@Alg beads were observed through scanning electron microscopy (SEM). The enzyme immobilization yield, the properties of free and immobilized ALDC and the reusability of immobilized enzyme were investigated. Finally, the Ca 3 (PO 4 ) 2 -ALDC@Alg microbeads were used in a 300 L beer fermentation tank to investigate the ability of immobilized ALDC to prevent the formation of diacetyl.
Experimental

Chemicals
ALDC was provided by Tsingtao Brewery Co., Ltd. Ethyl-2-acetoxy-2-methylacetoacetate was obtained from Sigma-Aldrich. Sodium alginate, calcium chloride (CaCl 2 ), 1-naphtol, and creatine were purchased from Sinopharm Chemical Reagent Co., Ltd. Other reagents were also provided by Sinopharm Chemical Reagent Co., Ltd. All the chemical reagents were of analytical grade and used as received without further purification. All aqueous solutions were prepared with deionized water.
Preparation of Ca 3 (PO 4 ) 2 -ALDC nanoflowers
The nanoflowers were synthesized by a co-precipitation method. In detail, firstly, a series of ALDC solution whose concentration ranged from 0 to 2 mg mL −1 were prepared in the phosphate buffer solution (4 mM, pH 7.4). Then, 90 μL of CaCl 2 solution (200 mM) was added into 4.5 mL of the above-mentioned ALDC solution, followed by incubating the mixtures for 12 h at 25°C. Finally, the solid products were collected by refrigerated centrifugation at 12000 rpm for 10 min and washed with deionized water for three times to remove the nonspecifically adsorbed enzymes. The supernatant and washing liquid were collected together to determine the amount of enzyme immobilization. The ALDC@Alg microbeads were prepared with a similar method, except that 26 mg of Ca 3 (PO 4 ) 2 -ALDC nanoflowers was replaced with 17 mg ALDC.
Evaluation of immobilization efficiency
The centrifugal liquid collected in 2.2 part were pooled and the amount of un-immobilized enzyme in the liquid was determined by the Bradford method [47] . Briefly, 6 mL Bradford assay was added to 1 mL of a series of ALDC solution whose concentration was 0.125, 0.25, 0.5, 1, 2 mg mL
, and the absorbance at 595 nm was detected using a UV/ vis spectrophotometer to formulate a standard curve. Then, 4 mL of Bradford assay was added to 1 mL of the supernatant and the absorbance at 595 nm was detected to calculate the concentration according to the standard curve. The amount of enzyme immobilized in the gel beads was calculated by subtracting the amount of unimmobilized enzyme from the total amount of the ALDC used for immobilization.
Immobilization efficiency=
The amount of immobilized ALDC The total amount of the ALDC employed 2.5. Activity evaluation ALDC can directly transform α-acetolactate into acetoin. The activities of free and immobilized ALDC were evaluated by calculating the rate of acetoin production under the standard conditions according to the method described elsewhere [2] , with α-acetolactate as substrate. α-Acetolactate substrate was prepared by the following method: 5 μL of ethyl-2-acetoxy-2-methylacetoacetate, 40 μL of deionized water and 55 μL of NaOH solution (1 mol L −1 ) was mixed and incubated at 0°C for 15 min, following that 0.9 mL MES (pH 6.0) was added. 320 μL of MES (pH 6.0) containing 1 mg free ALDC and 80 μL of α-acetolactate substrate was mixed and incubated at 30°C for 20 min. Then, 4.6 mL of chromogenic agent (1% of α-naphthol and 0.1% of creatine in 1 mol L −1 of sodium hydroxide solution) was added to react with acetoin at 30°C for 40 min, resulting in the formation of a redcolored product. The absorbance of the red product was measured at 522 nm to confirm the concentration of acetoin generated from α-acetolactate. Activities of free and immobilized α-ALDC were measured at the conditions of 30°C and pH 6. The activity of free ALDC was set to 100%, and the enzymatic activities of Ca 3 (PO4) 2 -ALDC, Ca 3 (PO 4 ) 2 -ALDC@Alg and ALDC@Alg were the activities relative to free ALDC.
The effects of pH and temperature on activities of free and immobilized ALDC were investigated with pH ranging from 3.5 to 8.0 and temperature ranging from 40 to 80°C. The highest activity was set as 100% in the two groups of experiments, respectively.
In the reusability examination, the first-run activity of each immobilized enzyme was taken as 100%.
Application of immobilized enzyme during beer fermentation
ALDC was immobilized in Ca 3 (PO 4 ) 2 -ALDC@Alg gel beads, and all the beads were packaged into several strainers and sealed. Then, all the strainers were thrown into 300L of beer fermentation tank. The concentration of remaining diacetyl in fermentation broth were measured every day to assess the efficiency of immobilized α-ALDC for preventing diacetyl production.
Instrumentation
Scanning electron microscopy (SEM) images were obtained with a Hitachi S-4800 equipment (Hitachi, Japan) operated at 5 kV. UV-vis absorption spectra were recorded on a Hitachi U-4100 Spectrometers (Hitachi, Japan) at room temperature. Energy-dispersive X-ray spectroscopy analysis was also recorded with a Hitachi S-4800 SEM. The concentration of diacetyl was inspected by using a waters 1525 highperformance liquid chromatograph (waters, America).
Results and discussion
Preparation and characterization of Ca 3 (PO 4 ) 2 -ALDC nanoflowers
The Ca 3 (PO 4 ) 2 -ALDC nanoflowers was synthesised in one pot by a modified method based on the work of Wang et al. [21] The synthesis mechanisms were illustrated in Fig. 2a . Briefly, 90 μL of 200 mM CaCl 2 solution was added into 4.5 mL of phosphate buffer solution (4 mM, pH 7.4) containing ALDC at room temperature. The mixtures were incubated for 12 h, obtaining a white precipitate with porous, flowerlike structures.
The effect of ALDC concentration on the formation of hybrid nanoflowers was investigated (Fig. 3) . Fig. 3a showed that primary crystals of calcium phosphate could be formed when no enzyme added, which formed the scaffold of nanoflowers. When PSEP was added, protein molecules formed complexes with Ca 2+ , predominantly through the coordination facility of amide groups in the protein backbone. These complexes provided a location for nucleation of the primary crystals and then combined into large agglomerates to form the primary petals, followed by blossoming into nanoflowers [20] . The corresponding elemental mapping images in Fig. 3j confirmed the homogenous Ca, P and C distribution in Ca 3 (PO 4 ) 2 -ALDC, which also verified the scaffold role of calcium phosphate and the successful compositing of calcium phosphate and enzyme in the hybrid nanoflowers. As can be seen from Fig. 3a, b , when the ALDC concentration was in the range of 0-0.1 mg mL
, large crystals, but no nanoflowers were formed. When the concentration of ALDC increased to 0.2-1.2 mg mL −1 , the multi-layered flower-like nanostructures were gradually formed, and the average diameters of these nanoflowers was about 4 μm (Fig. 3c-g ). When increasing the concentration of ALDC above 1.2 mg mL −1 , the nanoflower structure was damaged and even aggregated into irregular clumps (Fig. 3h, i) . With increasing the concentration of ALDC, the morphology of the nanoflowers changed significantly, which demonstrated that the concentration of enzyme had a fatal influence on the formation of enzyme-inorganic hybrid nanoflowers.
The amount of enzyme loading and enzyme immobilization efficiency in the Ca 3 (PO 4 ) 2 -ALDC nanoflowers was also investigated. As shown in Table 1 , with the increase of ALDC initial concentration, the amount of enzyme loading increased from 0.92 to 23.84 mg mg −1 , and the immobilization efficiency decrease gradually from100% to 65%. Remarkably, when the initial enzyme concentration was 1.2 mg mL −1 , the amount of enzyme loading was 14.42 mg/mg and the immobilization efficiency was 70%. It is a relative excellent data if the nanoflower prepared in this situation was used as immobilized enzyme.
Preparation and characterization of Ca 3 (PO 4 ) 2 -ALDC@Alg mircobeads
The preparation of Ca 3 (PO 4 ) 2 -ALDC@Alg microbeads was based on our previous work [48] , illustrated in Fig. 2b . In brief, Ca 3 (PO 4 ) 2 -ALDC nanoflowers were adequately dispersed in the sodium alginate solution to form a uniform solution. The mixture solution was then pumped into calcium chloride aqueous solution for ionically crosslinking to form Ca 3 (PO 4 ) 2 -ALDC @Alg beads. As a comparison, ALDC@Alg microbeads were prepared with the similar method that direct encapsulation of GOD within sodium alginate beads. As shown in Fig. 4a (inset) , all the beads had a uniform and smooth spherical shape with an average diameter of around 2.7 mm. Fig. 3k , l exhibited the surface and section SEM images of freeze drying Ca 3 (PO 4 ) 2 -ALDC@Alg microbeads, which clearly revealed the surface and internal structures of microbeads. The shrinkage and porous structure of the microbeads implied that there 
F. Zhao et al. Process Biochemistry 57 (2017) 87-94
were a large number of internal spaces for substrate being catalyzed [49] .
To confirm the successfully encapsulation of Ca 3 (PO 4 ) 2 -ALDC nanoflowers into alginate beads, the EDX analysis of Ca 3 (PO 4 ) 2 -ALDC@Alg microbeads was carried out. As shown in Fig. 4a , the microbeads contained C, N, O, P, Cl and Ca element. Among them, N element just came from enzyme and P element only came out of Ca 3 (PO 4 ) 2 , which demonstrated that the Ca 3 (PO 4 ) 2 -ALDC nanoflowers were entrapped in calcium alginate gel beads successfully.
Activity assay
The influence of ALDC initial concentration on the activities of nanoflowers was also observed. It was found in Fig. 4b that the relative activities of nanoflowers increased from 28% to 120% with the concentrations of ALDC rising from 0 to 2 mg mL , the activity of nanoflower exceeded 110%. To take overall consideration of morphology, enzyme loading and enzyme immobilization efficiency, and the activities of nanoflowers, we selected 1.2 mg mL −1 as the initial ALDC concentration when preparing Ca 3 (PO 4 ) 2 -ALDC nanoflowers in the following experiment.
The activities of free ALDC, Ca 3 (PO 4 ) 2 -ALDC, ALDC@Alg and Ca 3 (PO 4 ) 2 -ALDC@Alg were assessed using α-acetolactate as substrate based on the previous method [50] . All the activities mentioned in this paper were relative activities. Fig. 4c showed the relative specific activities of free ALDC, Ca 3 (PO 4 ) 2 -ALDC, ALDC@Alg and Ca 3 (PO 4 ) 2 -ALDC@Alg. As is shown in Fig. 4c , the activity of Ca 3 (PO 4 ) 2 -ALDC nanoflowers increased by 10% compared with that of free ALDC, while the activity of ALDC@Alg decreased to about 70%. The increased activity of nanoflowers can be explained by the action of allosteric effect and morphology. Firstly, it was confirmed that the Ca 2+ could bind to specific functional sites of enzyme, which conversed inactive enzyme to active state. Secondly, nanoflowers enjoyed a higher surfaceto-volume ratio, which offered a large portion of immobilized ALDC. In consequence, ALDC in nanoflowers had increasing possibility to meet the substrate molecules [21] . The decreased activity of ALDC@Alg may be contributed to the diffusional limitation due to the porous in calcium alginate gel beads. When the micro and nano hierarchical structure of nanoflowers was involved in the gel beads, the merits of nanoflowers came into play, but the mass transfer still brought some adverse effect to the activity. So, the activity of Ca 3 (PO 4 ) 2 -ALDC@Alg gel beads was between Ca 3 (PO 4 ) 2 -ALDC nanoflowers and ALDC@Alg gel beads, around 98% activity of the free ALDC. Generally speaking, immobilized enzyme, especially when entrapping enzymes in beads or capsules, often has the potential to change the microenvironment (such as temperature and pH) surrounding enzyme molecules, thus improving the stability of the enzyme. In this work, the influences of pH and temperature on activity of free and immobilized ALDC were investigated (Fig. 5) . Fig. 5a showed the effects of different pH values on the activities of free and immobilized ALDC. It showed that the optimized activities of free ALDC, Ca 3 (PO 4 ) 2 -ALDC, ALDC@Alg and Ca 3 (PO 4 ) 2 -ALDC@Alg were presented at pH 4.5, 4.5, 5.5 and 5.5, respectively. Ca 3 (PO 4 ) 2 -ALDC and Ca 3 (PO 4 ) 2 -ALDC@Alg were able to preserve more than 86% activities when the pH ranging from 3.5 to 7. Obviously, Ca 3 (PO 4 ) 2 -ALDC and Ca 3 (PO 4 ) 2 -ALDC@Alg had a broader optimum pH extent than free ALDC (optimum pH 4.5-5) and ALDC@Alg (optimum pH 5.5-7). Similar results were observed in the temperature effects on the activities of free and immobilized ALDC (Fig. 5b) . It was noted that Ca 3 (PO 4 ) 2 -ALDC and Ca 3 (PO 4 ) 2 -ALDC@Alg performed a remarkable stability with relative activities exceeding 80% when the temperature ranged from 45 to 70°C. In comparison, the free ALDC and ALDC@Alg were only willing to show high activity at higher temperature (65-70°C or 55-70°C). Considering the above data, Ca 3 (PO 4 ) 2 -ALDC and Ca 3 (PO 4 ) 2 -ALDC@Alg showed better stability towards pH and temperature because of the stabilizing influence of nanoflowers or gel beads to enzyme. However, comparing the two immobilized enzymes, Ca 3 (PO 4 ) 2 -ALDC@Alg microbeads was easier to recycle when the ALDC was used in the fermentation broth.
Reusability
A special property of immobilized enzyme is to recycle and reuse, so the reusability of immobilized enzyme is always taken into account for industrial application with the purpose of cost reduction. The reusability was evaluated by examining the remaining activity of immobilized ALDC after each cycle, and the specific activity in the first run was set to be 100%. In this experiments, the microbeads of Ca 3 (PO 4 ) 2 -ALDC@Alg and ALDC@Alg can be easily recycled by simple filtration even without using centrifugation or filtration under vacuum because of the larger size (2.7 mm in diameter), while the Ca 3 (PO 4 ) 2 -ALDC nanoflowers were separate from the reaction system by more complicated refrigerated centrifugation due to their tiny structure. Fig. 6a exhibited the recycling stability of the Ca 3 (PO 4 ) 2 -ALDC@Alg beads, with Ca 3 (PO 4 ) 2 -ALDC and ALDC@Alg as comparison. The results illustrated that the activity of ALDC@Alg decreased sharply even in the second round reaction and remained only about 22% of its initial activity after six cycles, due to the serious leakage of enzyme from calcium alginate gel beads where physical entanglement played a major role between enzyme and carrier [51] . The reusability of Ca 3 (PO 4 ) 2 -ALDC was obviously enhanced compared with that of ALDC@Alg. However, the enzymatic activity decreased to 82% just at the second round, and only 55% of its initial activity was maintained after six cycles, which was probably because the nanoflowers were too small to be recycled totally. Interestingly, when embedding Ca 3 (PO 4 ) 2 -ALDC nanoflowers into calcium alginate gel beads, the reusability was further improved. For Ca 3 (PO 4 ) 2 -ALDC@Alg beads, above 80% of its original activity was retained even over six rounds reaction. The main driving force of the formation of Ca 3 (PO 4 ) 2 -ALDC nanoflowers was synergistic effect between Ca 2+ and enzyme. When they were embedded into the calcium alginate gel beads, more complicated interaction occurred among enzyme, Ca 3 (PO 4 ) 2 and calcium alginate network structure, which may be the reason that the reusability of the Ca 3 (PO 4 ) 2 -ALDC@Alg microbeads was improved compared with the other two immobilized enzymes. The convenient recovery and preferable reusability endow the Ca 3 (PO 4 ) 2 -ALDC@Alg beads potential application in beer brewing industry.
Potential application in beer brewing industry
This work attempted to carry out a preliminary discussion of the potential application of immobilized ALDC in beer brewing industry. Diacetyl reduction in beer was conducted using Ca 3 (PO 4 ) 2 -ALDC@Alg microbeads, and its effects were compared with conventionally aged beer without ALDC. As shown in Fig. 7a , the Ca 3 (PO 4 ) 2 -ALDC@Alg microbeads was filled into several porous strainers, and then put them into a 300 L of beer fermentation tank. Another fermentation tank without microbeads acted as a control. The concentration of diacetyl in the two fermentation tanks was inspected every day, respectively. Fig. 6b shows the concentration change of diacetyl in beer fermentation over time. As can be seen in Fig. 6b , when no microbeads existed in the tank, the diacetyl concentration reached a peak of 0.27 ppm on the fourth day and maintained a high value (0.27-0.25 ppm) for 3 days. The diacetyl levels in the beer dropped to below the threshold (0.15 ppm) after eight days, but reached a low value (below 0.1 ppm) 15 days later. In comparison, when immobilized ALDC was added to the beer fermentation, the diacetyl peak also appeared on the fourth day, but the value (about 0.13 ppm) was significantly lower compared with that of the beer fermentation without enzyme (0.27 ppm, Fig. 6b) , and which was below the threshold. The concentration of diacetyl decreased to below 0.1 ppm even only 7 days later. Taken together, it is very effective for Ca 3 (PO 4 ) 2 -ALDC@Alg microbeads to quickly reduce the content of off-flavor diacetyl and shortening beer maturation time, because α-acetolactate can be directly converted into flavorless acetoin by ALDC, thus preventing the formation of diacetyl. Fig. 7b exhibited the photos of the Ca 3 (PO 4 ) 2 -ALDC@Alg microbeads before and after use in the beer fermentation tank. It was found that the microbeads were almost no damaged except for some colour change after use, which indicated the reliable mechanical strength of the mirobeads for recycling and recovery. In conclusion, the Ca 3 (PO 4 ) 2 -ALDC@Alg microbeads may have a great potential application in beer brewing industry in the future. 
Conclusions
In summary, we synthesized novel Ca 3 (PO 4 ) 2 -ALDC@Alg microbeads to immobilize ALDC with a facile approach. The microbeads could not only preserve commendable activity but perform excellent stability and environmental tolerance, showing optimum activity within a broad range (pH 3.5-7, temperature 45-70°C). The Ca 3 (PO 4 ) 2 -ALDC@Alg beads could be easily recycled by simple filtration and retained above 80% of its initial activity after six cycle use. Furthermore, the microbeads can be applied in beer fermentation tank to prevent the formation of diacetyl, solve the problem of beer off-flavor and short the beer maturation time, thus exhibiting a great potential application in beer brewing industry.
